Carbonyl compounds generated by the nonenzymatic oxidation of polyunsaturated fatty acids react with nucleophilic groups in proteins, leading to their modification. It has not been tested whether fatty acid unsaturation is related to steady-state levels of lipoxidation-derived protein modification in vivo. A low fatty acid unsaturation, hence a low protein lipoxidation, in tissues of longevous animals would be consistent with the free radical theory of aging, because membrane lipids increase their sensitivity to oxidative damage as a function of their degree of unsaturation. To evaluate the relationship between fatty acid composition, protein lipoxidation, and maximum life span (MLSP), we analyzed liver fatty acids and proteins from seven mammalian species, ranging in MLSP from 3.5 to 46 years. The results show that the peroxidizability index of fatty acids and the sensitivity to in vitro lipid peroxidation are negatively correlated with the MLSP. Based on gas chromatography and mass spectroscopy analyses, liver proteins of all these species contain malondialdehyde-lysine and N ⑀ -carboxymethyllysine adducts, two biomarkers of protein lipoxidation. The steady-state levels of malondialdehyde-lysine and N ⑀ -carboxymethyl lysine are directly related to the peroxidizability index and inversely related to the MLSP. We propose that a low degree of fatty acid unsaturation may have been selected in longevous mammals to protect their tissue lipids and proteins against oxidative damage while maintaining an appropriate environment for membrane function.
MONG tissue macromolecules, polyunsaturated fatty acids (PUFA) are the most sensitive to free radical damage, with the sensitivity increasing as a power function of the number of double bonds per fatty acid (1, 2) . Oxidation of PUFA leads to the formation of hydroperoxides and endoperoxides, which undergo fragmentation to yield a broad range of reactive intermediates, including alkanals, alkenals, hydroxyalkenals, glyoxal, and malondialdehyde (MDA) (3) . These carbonyl compounds, and possibly their peroxide precursors (4), react with nucleophilic groups in proteins, resulting in chemical modification of the protein (5, 6) . The modification of amino acids in proteins by products of lipid peroxidation results in the chemical, nonenzymatic formation of a variety of adducts, including malondialdehyde-lysine (MDA-lys) and N ⑀ -carboxymethyllysine (CML), which thus may serve as indicators of protein oxidative stress in vivo.
Several studies have evaluated the relationship between oxidative stress and maximum life span (MLSP) in different vertebrate species (for a review see Ref. 7) . Available research indicates that there are at least two main characteristics of longevous species: a high rate of DNA repair and a low rate of free radical production. Although the latter characteristic is consistent with the free radical theory of aging (8, 9) , additional factors can also lead to a low level of oxidative damage in longevous animals. Thus, previous studies have shown that the degree of fatty acid unsaturation of all the main phospholipid fractions of liver mitochondria is lower in pigeons (MLSP ϭ 35 years) than in rats (MLSP ϭ 4 years), and is also lower in humans (MLSP ϭ 122 years) than in pigeons (10) . This finding has been extended also to mitochondrial lipids of long-lived compared with shortlived mammalian species (11) .
The relationship between fatty acid unsaturation with the steady-state levels of tissue protein modification by products of PUFA oxidation has not been explored in animals showing different MLSPs. We hypothesized that a low fatty acid unsaturation could be advantageous to longevous animals by limiting lipoxidative stress-derived damage, because it would decrease the sensitivity of their tissues to lipid peroxidation and protein modification. Therefore, in the present study we examined the fatty acid composition and the sensitivity to lipid peroxidation, as well as the presence and steady-state levels of MDA-lys and CML adducts in liver proteins of different mammalian species with MLSPs ranging from 3.5 to 46 years.
M ETHODS

Animals and Diets
Animals, namely mouse ( Mus musculus , n ϭ 6), rat ( Rattus norvergicus , n ϭ 8), guinea pig ( Cavia porcellus , n ϭ 6), dog ( Canis familiaris , n ϭ 4), pig ( Sus scrofa , n ϭ 7), cow ( Bos taurus , n ϭ 7), and horse ( Equus caballus , n ϭ 5), whose MLSPs varied from 3.5 to 46 years, were adult specimens selected at an age within 15-30% of their maximum A Downloaded from https://academic.oup.com/biomedgerontology/article-abstract/55/6/B286/2948061 by guest on 20 January 2019 life span. All animals appeared to be healthy; no animal was obese or scraggy. The recorded values of maximum longevity (in years) were as follows: mouse, 3.5; rat, 4; guinea pig, 8; dog, 20; pig, 27; cow, 30; and horse, 46 (12) . The animal care protocols were approved by the University of Lleida Animal Experimentation Ethics Committee. Mice, rats, and guinea pigs were euthanized by decapitation. Dogs were euthanized in the Lleida city's dog pound by a single succinylcholine injection. Pigs, cows and horses (farm animals) were euthanized at the abattoir. Diets administered during the adult life of the animals were obtained when the animals were euthanized.
Tissue samples were taken randomly from the main hepatic lobe and were immediately cut into small pieces, washed in 50 mM of phosphate buffer (pH 7.4) to remove all traces of blood, and then stored at Ϫ 80 Њ C until further analysis. Liver samples (250 mg) were homogenized in 2.5 ml of 50-mM phosphate buffer (pH 7.4) by using a Polytron homogenizer (Brinkmann, Switzerland) for 15 seconds at a setting of 8, and then they were centrifuged at 750 ϫ g for 10 minutes at 4 Њ C to eliminate tissue debris.
Chemicals
Reagents were purchased from Sigma Aldrich (St. Louis, MO) unless otherwise specified. [ (6, 13) .
Fatty Acid Analyses
Lipids from liver and diets were extracted into chloroform: methanol 2:1 (vol/vol) by the method of Folch and colleagues (14) , in the presence of 0.01% butylated hydroxytoluene. The chloroform phase was separated and then evaporated under N 2 . Lipids were transesterified in 2.5 ml of 5% methanolic HCl at 75 Њ C for 90 minutes. The resulting methyl esters were extracted by adding 2.5 ml of n -pentane and 1 ml of saturated NaCl. The n -pentane phase was separated and evaporated under N 2 , and the fatty acid methyl esters were redissolved in 100 l of carbon disulfide. One microliter was submitted to gas chromatography and mass spectrometry (GC/MS) analysis. GC separation was performed in a SP2330 capillary column (30 m ϫ 0.25 mm ϫ 0.20 m) in a Hewlett-Packard (Palo Alto, CA) 5890 Series II gas chromatograph. A Hewlett-Packard 5989A mass spectrometer was used as detector in the electron-impact ionization mode. GC/MS conditions were as follows: injector and detector port temperatures, 220 Њ C and 250 Њ C, respectively; column temperature ranged from 100 Њ C with an increase of 10 Њ C/min, from 200 Њ C to 240 Њ C at 5 Њ C/min, and a final hold of 12 minutes. Identification of methyl esters was made by comparison with the retention time and mass spectra of authentic standards.
Sensitivity to Lipid Peroxidation
In order to estimate the sensitivity of liver lipids to free radical damage, lipid peroxidation was stimulated in vitro by incubating liver homogenates in the presence of 0.4 mM of ascorbate and 0.05 mM FeSO 4 at 37 Њ C for 6 hours. Preliminary experiments showed that the lipid peroxidation process evaluated by the generation of thiobarbituric acid reactive substances had reached completion by 6 hours. At the end of the incubation, the thiobarbituric acid assay was performed in the presence of 0.07 mM of butylated hydroxytoluene (15) . Malondialdehydebis(dimethylacetal) (Merck, Munich, Germany) was used as standard. The results were expressed as nanomoles of MDA per gram of tissue.
Measurement of CML and MDA-lys in Tissue Proteins
MDA-lys and CML were analyzed in samples from the same animals in which fatty acid analyses and lipid peroxidation assays were performed, except in the case of the mouse, because of the small size of its liver. The liver homogenates were delipidated by using 10 ml of methanol:diethyl ether (1:10 vol/vol), and precipitated proteins were dried under a stream of N 2 . MDA-lys and CML were measured in protein samples (1-2 mg) after overnight reduction with a final concentration of 500 mM NaBH 4 in 0.2 M borate buffer, pH 9.2, containing 1 drop of hexanol as an antifoam reagent. Proteins were precipitated with 10% trichloroacetic acid and subsequent centrifugation. Isotopically labeled internal standards were added, and the samples were hydrolyzed at 110 Њ C for 24 hours in 6 N HCl and then dried in vacuo. Residues were rehydrated in 1 ml of 1% trifluoroacetic acid and applied to a 1-ml C-18 solid extraction column (Supelco, Bellefonte, PA), equilibrated with the same solvent. The first milliliter of the flowthrough and an additional 2 ml of 1% trifluoroacetic acid were all pooled and dried in vacuo. The N,O-trifluoroacetyl methyl ester derivatives of the protein hydrolysate were prepared as previously described (13) . GC/MS analyses were carried out on a Hewlett-Packard Model 6890 gas chromatograph equipped with a 30-m HP-5MS capillary column coupled to a Hewlett-Packard Model 6890 mass selective detector. The injection port was set at 275 Њ C, and the temperature program was 150-225 Њ C at 5 Њ C/min; 225-300 Њ C at 25 Њ C/min, and a final hold of 5 minutes. Quantification was performed by external standardization by using standard curves constructed from mixtures of deuterated and natural abundance standards. Analyses were carried out by selected ion-monitoring GC/MS. The ions used were lysine and 
Statistics
Data processing and statistical analyses were performed with the SPSS program for Windows (SPSS Inc., Chicago). The results are expressed as means Ϯ SD. Variable normal distribution was tested by the Kolmogorov-Smirnov test. Interespecies differences between variables were analyzed by using a one-way analysis of variance test. Correlations between variables in the different mammalian species were studied by regression analyses. The .05 level was selected as the point of minimal statistical significance throughout.
R ESULTS
The fatty acid composition of the diets given to the different mammalian species was analyzed (results not shown). The degree of fatty acid unsaturation (double bond index, DBI) of the diets was not correlated to the MLSP of the different species ( p Ͼ .05). The fatty acid composition of liver lipids in the seven mammalian species studied is shown in Table 1 . All fatty acids showed significant differences between species ( p Ͻ .0001). 18:2 n -6 was the unsaturated fatty acid demonstrating the greatest absolute differences between extremes of MLSP (from 14% in the mouse to 53% in the horse), followed by changes in 22:6 n -3 and 20:4 n -6 (8-12% decreases in absolute terms and 87-97% relative decreases from rodents to horse). The average chain length (ACL), and the content in saturated fatty acid (SFA), monounsaturated fatty acid (MUFA), unsaturated fatty acid (UFA), PUFA, and PUFA of the n -3 and n -6 series, as well as the DBI and peroxidizability index (PI, which takes into account that the sensitivity to peroxidation increases as a function of the number of double bonds per fatty acid) (16, 17) , showed significant differences among species ( p Ͻ .0001, Table 2 ). Table 3 shows the absence or presence of a statistically significant correlation with MLSP for each fatty acid or derived parameter, together with the degree of significance and the positive or negative value of the Pearson correlation coefficient ( r ). The 16:0 content was negatively correlated with MLSP ( p Ͻ .016), and this was responsible for the decrease in SFA, and in part for the increase in UFA in longevous animals. In spite of the positive correlation between UFA and MLSP ( p Ͻ .005), the PI showed a significant negative correlation with MLSP ( p Ͻ .025). This resulted from the negative correlation with MLSP of the highly unsaturated 22:6 n -3 ( p Ͻ .007), and from the positive correlation of the less unsaturated 18:2 n -6 with MLSP ( p Ͻ .033). PUFA n-6 correlated positively with MLSP ( p Ͻ .047) as a result of the increase in 18:2n-6 in longevous animals, and PUFA n-3 correlated negatively with MLSP ( p Ͻ .008) because 22:6n-3 decreases as longevity increases.
In agreement with the lower PI of longevous animals, the sensitivity of liver samples to in vitro lipid peroxidation was negatively correlated with the MLSP (exponent ϭ Ϫ0.29, r ϭ Ϫ.74, p Ͻ .05; Figure 1 ). The concentrations of MDA-lys 
DISCUSSION
In agreement with our previous studies of liver mitochondria of rats, pigeons, and humans (10) and between different mammalian species (11) , in the present work we found that the PI in liver lipids from mammals is negatively correlated with MLSP; that is, the lipids of longevous animals have a lower degree of unsaturation than those of short lived mammals. This results not from a decrease in the content of unsaturated fatty acids, but rather mainly from a redistribution between types of unsaturated fatty acids, changing from highly unsaturated fatty acids in short-lived animals to less unsaturated fatty acids in long-lived ones. The consequence of this redistribution is a low PI and a low sensitivity to lipid peroxidation. The low PI of fatty acids from longevous animals cannot be simply attributed to a dietary deficit in essential fatty acids, as indicated by the absence of correlation of the fatty acid unsaturation of the diets with the MLSP of the different animal species. Alternatively, the low PI is likely to reflect the presence of constitutively low desatu- Table 2 .
rase activities in the tissues of longevous animals, as has been previously proposed (11, 18, 19) . On the other hand, the concentrations of MDA-lys and CML adducts in liver proteins both correlated negatively with the MLSP of the donor species. These results are consistent with the low PI and low sensitivity to peroxidation observed in longevous animals, and they suggest that the low degree of fatty acid unsaturation in these animals leads to a lower steady-state level of protein modification in vivo. Thus, a low degree of fatty acid unsaturation may have been selected in longevous animals in order to protect their tissue lipids and proteins against oxidative damage, while maintaining an appropriate environment for membrane function in terms of transition temperature, and hence in the membrane fluidity (20) (21) (22) . These last parameters are strongly affected only by the first and second double bond introduced in the fatty acid chain (21) , and the main differences in unsaturated fatty acids observed in this work are a substitution of 22:6n-3 in shortlived animals for 18:2n-6 in long-lived animals.
The susceptibility of fatty acids to free radical damage increases exponentially as a function of the number of double bonds per fatty acid molecule, with 18:2n-6 being relatively stable to oxidative stress in relation to the highly unsaturated 22:6n-3. In fact, many studies have shown that free radical damage and lipid peroxidation increase as a function of the degree of unsaturation of the fatty acid substrates present in the tissues in vivo (1, 23) . Increases in PI and decreases in 18:2n-6 have been described in rodent aging (17, 18) , and the senescent accelerated prone mouse has a somewhat higher 22:6n-3 and PI and a lower 18:2n-6 in the brain than that of their senescent accelerated-resistant counterparts (24) . It is reasonable to think that the lower degree of fatty acid unsaturation of longevous animals will protect their tissues against oxidative damage. The low PI of longevous animals can thus be responsible in part for their relatively higher resistance to lipid peroxidation and low content of MDA-lys and CML protein adducts. A previous study (25) has shown that rates and maximum spontaneous-noncatalyzed-in vitro lipid peroxidation of kidney and brain homogenates are negatively correlated with MLSP in 24 (brain) or 9 (kidney) species of mammals from mouse to man. Even though fatty acid composition was not analyzed, it was suggested that for most species the major factor determining the lipid peroxidation potential of tissues was the concentration of peroxidizable substrate and that a change in the composition of lipid membranes occurred during the evolution of increased MLSP in mammals, resulting in a lower susceptibility of tissues to oxygen radicalinitiated peroxidation reactions (25) . Our study fully supports this last suggestion for the liver, and a previous study (19) is consistent with the same happening in the kidney, heart, and skeletal muscle. Because lipid peroxidation is known to increase levels of protein carbonyls in nearby proteins (26) , the low degree of fatty acid unsaturation of longevous animals can also be an important underlying factor for the negative relationship recently observed between MLSP and the susceptibility of tissue proteins to in vitro oxidative damage (protein carbonyls) in homeothermic vertebrates (27) .
Aldehydes generated during the peroxidation of PUFA can result in protein modification by the formation of adducts with epsilon-amino groups of lysine (among others) residues. Several aldehydes are formed by decomposition of lipid hydroperoxides during autoxidation of polyunsaturated lipids, including alkanals and activated aldehydes with ␣-hydroxy, ␣-␤-unsaturated, and 4-hydroxy unsaturated functional groups (3, (28) (29) (30) . These aldehydes vary in chain length, depending on the orientation of the oxidation site and on the location of the double bonds in the starting lipid, ranging from 9-carbon compounds, such as 4-hydroxynonenal, to small 2-and 3-carbon reactive compounds, such as malondialdehyde, acrolein, and glyoxal. Each of these compounds may react with amino groups of proteins (6, 31) . Although hexanal is quantitatively ‫)%04ف(‬ the major aldehyde formed during in vitro lipid peroxidation, Schiff bases (imines) formed between aliphatic aldehydes and amines are relatively labile, and hexanal-lysine adducts dissociate reversibly to the component aldehyde and amine. In contrast, MDA, the aldehyde formed at next highest abundance, and glyoxal, a precursor of CML, yield chemically stable adducts to lysine residues (5, 6) . For this reason, in this work we have evaluated the MDA-lys and CML adducts occurring in tissue proteins. The GC/MS method described herein provides a means for the specific quantification of MDA-lys Schiff-base and CML adducts in proteins. Both MDA-lys and CML were detected in tissue proteins.
The results indicate that the steady-state levels of these two oxidative products are related to the PI of the fatty acids; that is, a low PI is related to a low degree of protein modification. Furthermore, both a low PI and a low level of protein modification are present in longevous animals. Finally, although CML was originally described as a product of carbohydrate autoxidation (32) (33) (34) , as the blood glucose concentrations of the species in this study are all ‫5ف‬ mM, we attribute differences among CML levels to differences in formation from lipid peroxidation. Table 2 .
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In summary, a low degree of fatty acid unsaturation and a low susceptibility to lipid peroxidation and protein modification, together with a low free radical production (7, 35, 36) and high rate of DNA repair (37) , can be considered biochemical traits of longevous animals.
